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Abstract

This paper presents a brief discussion of ultra-short laser
pulse propagation and laser wakefield acceleration in
plasma channels.  An envelope equation for the perturbed
laser beam radius is given, including finite-pulse length
and nonlinear effects.  Angular distribution of electrons
generated by the process of laser ionization and
ponderomotive acceleration (LIPA) is also discussed.  An
example of laser wakefield acceleration to electron energies
greater than 1.2 GeV in a preformed plasma channel is
described.

1 INTRODUCTION
Electron acceleration in a laser wakefield is limited by a
number of processes, including electron slippage and laser
beam diffraction.  To reduce the effects of diffraction the
laser pulse can be propagated in a preformed plasma
channel having a suitable (parabolic) radial density profile.
In plasma channels propagation distances much longer
than a vacuum Rayleigh range, ZR0 = πr0

2/λ, can be
achieved  [1-3].  Here, r0 is the laser spot size and λ  is the
vacuum wavelength. Finite pulse length effects can
modify the propagation dynamics in long channels.  Short
pulse effects lead to envelop modulation, damping due to
phase mixing, and group velocity dispersion [3,4].  An
envelope equation for the perturbed pulse envelope is
presented which includes these effects along with
nonlinearity [3].  A second topic discussed is the
generation of electrons by laser ionization and
ponderomotive acceleration (LIPA) [5].  By means of
LIPA electrons can be stripped from atoms in the region
of high laser intensity and accelerated by the
ponderomotive force.  Finally, an example of laser
wakefield acceleration of electrons to 1.2 GeV in a 15-cm
long plasma channel is described.

2 ENVELOPE EQUATION
An envelope equation for the radius of the laser pulse
propagating in a channel can be obtained by assuming the
slowly-varying form for the electric field, E = (E0 /2)
exp[i(kz - ωt)]ex + c.c., where E0(r, t) is the amplitude, k
is the wavenumber, ω = 2πc/λ and c is speed of light in

vacuo.  The amplitude E0 is assumed to be expressible as
E0 = b exp[iφ – (1 - iθ)r2/rs

2], where b is the amplitude, φ
is the phase, θ is related to the wavefront curvature and rs

is the spot size. The variables b, ϕ θ,  ,  rs  are taken to be
real and slowly varying functions of z and t. The radial
dependence of the plasma frequency is given by

ω p po cr n n r r( )     ( / )( / ) ,
/

= +[ ]1 2 1 2
∆

where npo  is the on axis density, n npo   + ∆  is the
density at the edge of the plasma channel (r = rc), ωp0 =
(4πnp0q

2/m)1/2 is the plasma frequency on axis, q is the
charge and m is the mass of an electron.  The focusing
parameter associated with the channel is Kc =
(ωp0/c)(∆n/np0)

1/2. Making use of the source-dependent
expansion approach [6], the equilibrium radius is found to
be given by req = rm (1 - P)1/4, where rm = (2rc/Kc)

1/2 is the
matched beam radius, P is the laser power normalized to
the critical power for focusing, rc is radius of the parabolic
channel and Kc is the on axis plasma wavenumber [3].  In
the limit P << 1 the envelope equation for the perturbed
laser pulse radius, normalized to r0, and is given by

where Z = z/ZR0, ζ  = (z – cnt)/  l0, n = ck/ω  is the
refractive index, an initial axial profile b(z = 0) ~ exp(-
4ζ2/  l0

2) has been assumed and ε = λ/(2π  l0) << 1.  The
solution to this equation is

where δR0 is a constant.  The first term in the exponential
leads to modulation of the pulse, with the back of the
pulse (ζ < 0) growing and the front (ζ > 0) damped. The
second term in the exponential is due to phase mixing and
leads to damping of the perturbation.

The modulation and damping predicted by the envelope
equation has been observed in a 2-D simulation of laser

∂ δ
∂

δ ε ∂ δ
∂ ∂ζ

εζ ∂δ
∂

2

2 2 2

2

2

4 4 32
0

R

Z n
R

n

R

Z n

R

Z
         ,+ − + =

δ δ εζ εR R Z n Z n Z n= − −0
2 2 2 42 16 16cos( / ) exp( / / ),

0-7803-5573-3/99/$10.00@1999 IEEE. 3687

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999



propagation in a channel.  At early times, δR should
exhibit growth or damping at the normalized linear rate
Γ(ζ) = −16εζ/n2.  The simulation rate Γ  is determined
from a semi-logarithmic plot of δR against z, fitting the
peaks of the oscillations.  The laser parameters were
λ = 0.8 µm,   l0 = 24 µm, r0 = 14.5 µm, and ZR = 0.083
cm.  Figure 1 is a plot of Γ(ζ) (diamonds) from
simulation using the code described in [2].  The straight
line is the analytical growth or damping rate.  As
expected, the front of the beam is damped, while the back
exhibits growth in δR.  The simulation results
consistently lie below the theoretical growth rate.  This is
due to the phase mix damping contained in the last term
in the δR equation.  The long time behavior in the
simulations is eventually dominated by the phase mixing
term and exhibits the expected damping in z2.

Fig. 1. Linear growth or damping rate Γ  versus position
ζ within the pulse. The diamonds are from the simulation
code, and the solid line is from the analytical solution for
δR.

In the high power limit, P ≤ 1, there are additional
contributions to the envelope equation, arising from
nonlinearities such as the relativistic focusing effect [3].
Short pulse effects lead to substantial modification of the
nonlinear focusing processes.  Figure 2 is a surface plot of
the spot size R as a function of ζ /λ  and Z, with (a) finite
pulse length effects (ε ≠ 0) and (b) finite pulse length
effects neglected (ε = 0).  The parameters are λ  = 1 µm,

  l0 = 20 µm and P = 0.56.  This plot shows the envelope
modulation and significant enhancement of nonlinear
focusing.

3 LASER IONIZATION AND
PONDEROMOTIVE ACCELERATION

In tunneling ionization the electric field of the laser
depresses the Coulomb barrier in the atom allowing an

electron to tunnel through.  When an electron is released
from an atom in the presence of the laser field the
ponderomotive force can accelerate it to relatively high
energies depending on the laser intensity.  Laser
acceleration and ponderomotive acceleration (LIPA) [5] can
be a source of high brightness electrons for injection into
laser driven accelerators.  In LIPA, the electrons are ejected
from essentially a point source and are highly collimated
when the laser beam is linearly polarized [5].  This is
borne out by recent experimental results at the Naval
Research Laboratory [5].  The electrons are ejected into a
forward cone with half angle given by

where γ is the relativistic factor of the accelerated
electrons.

4 ELECTRON ACCELERATION IN A
PLASMA CHANNEL

Laser wakefield acceleration in a preformed plasma channel
can result in significant energy gain. As an example
consider a 1 µm wavelength,   l0 = 50 µm, circularly
polarized laser pulse with spot size r0 = 30 µm and
intensity 2.75× 1018 W/cm2 that is matched to a plasma
channel with on axis plasma wavelength 2πc/ωp0 = 75
µm (on-axis density 2× 1017 cm-3).  In this case the peak
accelerating gradient associated with the wakefield is ~ 24
GV/m and the peak transverse electric focusing field is ~ 5
GV/m.  Figure 3 is a plot of energy as a function of
propagation distance z for an electron that is injected into
the wakefield locally; for example by the LIPA process.
For this electron, injected on axis behind the laser pulse
with axial momentum 0.3 mc, the plot shows that
energies in excess of 1.2 GeV can be reached in a distance
~ 15 cm (~ 54 ZR0).  Beyond this length, phase slippage
occurs and the energy decreases.  

5 CONCLUSIONS
This paper presents highlights of a number of interesting
results associated with high intensity short pulse lasers.
A brief discussion of ultra-short laser pulse propagation
and laser wakefield acceleration in preformed plasma
channels is given.  In particular, an envelope equation for
the perturbed laser beam radius, including finite-pulse
length and nonlinear effects, is discussed.  Angular
distribution of electrons generated by the process of laser
ionization and ponderomotive acceleration is also
mentioned.  An example of laser wakefield acceleration to
electron energies greater than 1.2 GeV in a preformed
plasma channel is described.

ϑ γ= −−tan /( ),1 2 1
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Fig. 2 Surface plot of spot size R as a function of ζ /λ  and
propagation distance z.  In (a) finite pulse length effects
are include while in (b) finite pulse length effects are
neglected.
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Fig. 3. Plot of electron energy gain due to laser wakefield
acceleration versus distance along a preformed plasma
channel.
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